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recent	 novel	 developments	 that	 show	 promise	 for	 quantifying	 SOC.	We	 describe	









range	 is	 approximately	 three	 times	 the	 stock	of	 carbon	 (C)	 in	veg‐
etation	and	 twice	 the	 stock	of	C	 in	 the	atmosphere	 (Smith,	2012).	
Small	changes	in	C	stocks	can	therefore	have	significant	impacts	on	
the	atmosphere	and	climate	change.	Since	the	onset	of	agriculture	












by	climate,	 land	use,	management	and	edaphic	 factors	 (Stockmann	
et	al.,	2013),	adds	complexity	 to	designing	appropriate	monitoring,	






activities	 (Rumpel	 et	 al.,	 2019).	 In	 addition,	 the	 large	 background	
stocks,	inherent	spatial	and	temporal	variability	and	slow	soil	C	gains	
make	 the	 detection	 of	 short‐term	 changes	 (e.g.	 3–5	 years)	 in	 SOC	
stocks	 and	 the	design	of	 reliable,	 cost‐effective	 and	 easy	 to	 apply	
MRV	platforms	challenging	(Post,	Izaurralde,	Mann,	&	Bliss,	1999).
Smith	et	al.	(2012)	described	a	framework,	building	on	available	
models,	data	sets	and	knowledge,	 to	quantify	 the	 impacts	of	 land	
use	and	management	change	on	soil	carbon.	That	paper	concluded	
by	presenting	a	future	vision	for	a	global	framework	to	assess	soil	





and	 robust	MRV	capabilities	 to	 support	 the	growing	 International	






We	begin	by	 reviewing	 the	methods	 and	challenges	of	measuring	
SOC	change	directly	in	soils	(Section	2),	before	examining	some	re‐
cent	developments	that	show	promise	for	quantifying	SOC	stocks	





term	 experiments	 and	 space‐for‐time	 substitution	 sites	 can	 serve	
as	 sources	 of	 knowledge	 and	 can	 be	 used	 to	 testing	models,	 and	

















various	components	described	 in	 this	 review,	 to	describe	a	new	vision	 for	a	global	
framework	for	MRV	of	SOC	change,	to	support	national	and	international	initiatives	
seeking	to	effect	change	in	the	way	we	manage	our	soils.
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Vos,	 &	 Don,	 2017;	 Throop,	 Archer,	 Monger,	 &	 Waltman,	 2012).	
Changes	 in	management	 that	 influence	carbon	content	also	affect	
the	bulk	density	of	the	soil	(Haynes	&	Naidu,	1998),	and	thereby	the	

















Insufficient	 information	 on	 historical	 sampling	 depth	 can	 also	 add	
uncertainty	to	the	results.














sive.	 It	was	estimated	 that	 to	detect	meaningful	 changes	 in	 soil	C	
stocks	 across	 forest	 ecosystems	 in	Finland	 (i.e.	 3,000	plots	 at	 the	
national	scale)	might	cost	4	million	Euro	for	one	sampling	campaign	
(e.g.	baseline	measurement	from	1	year)	and	then	again	for	the	fol‐
lowing	 sampling	 interval	 (e.g.	 10	 years	 later;	 Mäkipää,	 Häkkinen,	
Muukkonen,	&	Peltoniemi,	2008).	Thus,	 there	 is	 the	need	 to	eval‐




A	 combination	 of	 direct	 measurements	 (at	 the	 plot	 scale)	 and	
modelling	 (at	 larger	spatial	scales)	can	greatly	help	defining	the	ef‐






3  | NOVEL METHODS OF ME A SURING 
SOC CHANGE




bon	 through	photosynthesis	 (gross	primary	production),	 its	 subse‐
quent	partial	losses	through	respiration	(soil,	plant	and	litter)	to	give	










fact	 that	 (b)	 this	method	 is	 a	 point‐in‐space	measurement;	 and	 (c)	
net	changes	in	soil	C	pools	are	relatively	small	compared	to	C	stored	
in	 biomass	 and	 litter	when	measured	 over	 short	 time	 periods	 (i.e.	
<5	years).













point	 sources,	 that	 is,	 grazing	 animals	 (Felber,	 Münger,	 Neftel,	 &	
Ammann,	2015;	Gourlez	de	la	Motte	et	al.,	2019),	ditches	(Nugent,	
Strachan,	 Strack,	 Roulet,	 &	 Rochefort,	 2018)	 and	 fallow	 periods,	
have	been	studied	thoroughly	and	have	allowed	routine	data	analy‐
ses	to	be	updated	(e.g.	Sabbatini	et	al.,	2018).
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Concerning	 the	 comparison	 between	 C	 sequestration	 deter‐
mined	 via	 the	 EC	 technique	 (i.e.	 full	 C	 balance)	 and	 soil	 C	 stock	




















(Nocita	 et	 al.,	 2015),	 provide	 more	 exhaustive	 spatial	 patterns	 of	














combustion,	 alongside	 reflectance	 measurements.	 Relevant	 wave‐
lengths	for	soil	and	SOC	are	mainly	in	the	mid‐	(4,000–600	cm−1)	and	
the	near‐	or	short‐wave	infrared	region	(2,000–2,500	nm).	Other	key	
soil	 properties	 can	 also	be	 simultaneously	determined	 if	 present	 in	










Minasny,	&	Mcbratney,	 2019)	 and	memory	 based	 learning	 (Dangal,	


















Mcbratney,	 Janik,	 &	 Skjemstad,	 2006;	 Wijewardane,	 Ge,	 Wills,	 &	
Libohova,	 2018).	 Several	 commercial	 laboratories	 use	 near‐infrared	
F I G U R E  1  Map	of	flux	towers	and	
available	time	series	worldwide	
Source:	Fluxnet,	2019




















near‐infrared	 reflectance	 spectroscopy	 (VNIR),	 which	 also	 provide	
a	measure	 for	penetration	resistance	or	compacted	soil	 (Ackerson,	
Morgan,	 &	 Ge,	 2017;	 Al‐Asadi	 &	Mouazen,	 2018;	 Poggio,	 Brown,	
&	 Bricklemyer,	 2017;	 Wetterlind,	 Piikki,	 Stenberg,	 &	 Söderström,	

































either	 using	 raw	 or	 enhanced	 imagery	 such	 as	 by	 multi‐temporal	 
composites	(Gallo	et	al.,	2018;	Rogge	et	al.,	2018).





The	 third	option	 is	 to	use	satellite	 imagery	products	as	covari‐
ates	in	digital	soil	mapping,	where	the	relation	between	soil	proper‐
ties	and	satellite	information	is	used	to	predict	SOC	maps	at	various	
depths	 using	 point	 observations	 and	 satellite	 imagery	 products	
(Hengl	et	al.,	2017;	McBratney,	Mendonça	Santos,	&	Minasny,	2003;	
Minasny	&	McBratney,	2016).














































surveys	 among	 countries.	 As	 highlighted	 in	 the	 final	 report	 of	 the	
ENVASSO	 project,	 soil	 monitoring	 networks	 are	 much	 denser	 in	
northern	and	eastern	European	countries	compared	with	countries	
located	 in	 the	 southern	 part	 of	 the	 continent	 (Kibblewhite	 et	 al.,	
2008).	 For	 example,	 countries	 such	 as	 France,	 Sweden	 or	 Poland	
maintain	 systematic	 soil	 monitoring	 systems	 at	 national	 level	 with	
different	 density	 of	 monitoring	 sites	 and	 sampling	 frequencies.	
In	 the	 case	 of	 France,	 different	 soil	monitoring	 system	 levels	 exist	
which	operates	to	either	forest	and	non‐forest	areas.	The	Soil	Quality	
Monitoring	 Network	 was	 created	 20	 years	 ago	 for	 non‐forested	
areas,	covering	the	main	land	uses	in	France	in	a	16	×	16	km	grid	(King,	
Stengel,	 Jamagne,	 Le	Bas,	&	Arrouays,	 2005).	 Similarly,	 in	 Sweden,	
soil	monitoring	is	performed	at	two	geographical	levels	(national	and	







Stuczyński,	 &	 Turski,	 2005).	 In	 Denmark,	 soils	 are	 sampled	 every	
8–10	years	to	1	m	depth	on	a	regular	7	km	grid	covering	both	agricul‐
tural	and	forest	soils	(Taghizadeh‐Toosi,	Olesen,	et	al.,	2014).
In	 contrast,	 EU	 Mediterranean	 countries	 such	 as	 Italy,	 Spain	 or	
Greece	 are	 examples	of	European	 regions	where	 systematic	 national	










5  | LONG ‐TERM E XPERIMENTS OF SOC 
CHANGE
Since	 changes	 in	 bulk	 soil	 carbon	 occur	 slowly	 (Smith,	 2004a),	
long‐term	measurements	are	required	to	show	the	relatively	small	





measurements	 of	 soil	 carbon	 and	 nitrogen	 change.	 Over	 recent	
decades,	 results	 from	 these	 field	 experiments	 have	 been	 central	
to	testing	the	accuracy	of	models	of	turnover	of	SOC.	As	noted	by	




networks	 focussing	 on	 soil	 C;	 the	 Soil	 Organic	 Matter	 Network	
(SOMNET)	 and	EuroSOMNET	 (the	more	 detailed	European	 com‐
ponent	 of	 the	 larger	 global	 network)	were	 two	 attempts	 to	 cou‐
ple	 SOC	 models	 with	 observations	 from	 long‐term	 experiments	
(Smith	et	al.,	1997),	with	the	aims	or	both	testing	models	and	the	
sharing,	 comparing	 and	use	of	 data	 from	across	 the	 experiments	
to	estimate	carbon	sequestration	potential	(Smith,	Powlson,	Smith,	
Falloon,	&	Coleman,	2000).	SOMNET	later	evolved	into	an	online,	
real‐time	 inventory	 project	 with	 a	 website	 known	 as	 Long‐Term	
Soil‐Ecosystems	Experiments,	which	now	has	collected	metadata	
on	well	 over	200	 long‐term	soil	 experiments	Richter,	Hofmockel,	
Callaham,	Powlson,	and	Smith	(2007),	with	the	metadata	currently	
hosted	 by	 the	 International	 Soil	 Carbon	 Network	 (iscn.fluxd	ata.








derstanding	 the	 long‐term	 dynamics	 of	 SOC	 and	wider	 issues	 of	
soil	sustainability	(Richter	et	al.,	2007).	In	terms	of	MRV,	the	long‐




processes.	 Such	 experiments	 could	 therefore	 form	 vital	 compo‐
nents	of	national	and	international	MRV	platforms	for	SOC	change.	
Existing	 long‐term	 monitoring	 sites	 are	 extremely	 valuable	 but	
do	not	exist	 in	every	global	 region,	making	a	compelling	case	 for	
starting	 new	 long‐term	 experimental/	 monitoring	 sites	 in	 under‐
represented	regions.




(Campbell	 &	 Paustian,	 2015;	 Manzoni	 &	 Porporato,	 2009).	 Most	
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common	 SOM	 models	 are	 compartment	 models,	 which	 use	 be‐
tween	 two	and	 five	 carbon	pools	 (Falloon	&	Smith,	 2000).	While	
the	stability	and	complexity	of	the	organic	compounds	is	not	rep‐
resented	explicitly	in	models,	it	is	represented	by	varying	turnover	
and	 residence	 times	 of	OC	 in	 different	 carbon	 pools	 (Stockmann	
et	al.,	2013).	The	residence	times	are	controlled	by	the	decay	rate	
of	the	carbon	in	the	different	pools,	which	is	usually	described	by	
the	 first‐order	 kinetics	 (e.g.	 Falloon	&	Smith,	 2000;	 Parton	 et	 al.,	
2015;	Paustian,	1994).	A	wide	range	of	different	models	show	this	
structure,	either	as	independent	SOM	model	or	as	part	of	an	eco‐





Despite	 the	 development	 of	 different	 approaches	 that	 allow	
the	 measurement	 of	 different	 carbon	 pools	 in	 the	 models	 (e.g.	




available,	but	 it	 relies	on	 ideal	assumptions	of	equilibrium	 (Smith,	
Smith,	 Monaghan,	 &	 MacDonald,	 2002)	 which	 impacts	 the	 re‐
sults	 (Bruun	 &	 Jensen,	 2002).	 Furthermore,	 the	 residence	 times	












an	 increasing	 number	 of	 new	model	 approaches	 and	 hypotheses	






composition	of	 the	SOC	pools	and	 the	added	OC	 (Toudert	et	al.,	
2018).	These	models	thus	rely	heavy	on	proper	estimation	of	car‐
bon	inputs	in	residues	and	organic	amendments	(manure,	compost,	
etc.)	 as	well	 as	 on	 information	 on	 the	 biological	 quality	 of	 these	
inputs.	 Most	 modelling	 approaches	 used	 for	 inventory	 purposes	












than	 assuming	 a	 fixed	 shoot:root	 ratio,	 using	 a	 fixed	 amount	 of	
belowground	C	input	depending	on	site	and	crop	may	provide	the	





Approach Equation Graphical relation (C(t)) Example model Publications
Zero‐order	kinetics Ct=C0−kt
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most	robust	estimate	(Hirte,	Leifeld,	Abiven,	Oberholzer,	&	Mayer,	
2018;	Taghizadeh‐Toosi,	Christensen,	Glendining,	&	Olesen,	2016).	
This	 has	 implications	 for	modelling	 application	where	 changes	 in	
crop	productivity	are	a	main	driver	of	C	inputs.
7  | WHAT MRV PL ATFORMS ARE 
CURRENTLY IN USE
A	number	of	GHG	emission	and	soil	carbon	change	quantification	
schemes	have	been	developed	 in	 various	parts	of	 the	world.	 For	
example,	 the	 Australian	 Carbon	 Farming	 Initiative/Emission	 re‐
duction	fund	has	guidance	relating	to	sampling	and	measurement	
of	SOC	and	estimating	and	 reporting	SOC	stock	change	 for	SOC	
management	 projects	 (Australian	 Government,	 2018).	 In	 Alberta	
in	Canada,	there	is	a	Conservation	Cropping	Protocol,	a	tool	used	
to	 quantify	 GHG	 emission	 reductions	 from	 conservation	 crop‐
ping	(Alberta	Government,	2012).	For	certain	production	systems	
(e.g.	 livestock	production),	FAO	has	published	guidance	on	meas‐
uring	 and	modelling	 soil	 carbon	 stocks	 and	 stock	 changes	 (FAO,	
2019a).	In	this	section,	we	examine	methods	already	in	use	in	coun‐
tries	 participating	 in	 the	Global	Research	Alliance	of	Agricultural	
Greenhouse	Gases	(GRA).
7.1 | Operational soil MRV systems in use in 
GRA countries
We	 first	 searched	 the	GRA	publications	 library	 (https	://globa	lrese	
archa	llian	ce.org/publi	cation‐libra	ry/)	 for	 operational	 soil	 MRV	








2010),	 consider	 selected	 agro‐ecosystems	 or	 agricultural	 prac‐





&	Oost,	 2009;	 Taghizadeh‐Toosi,	 Olesen,	 et	 al.,	 2014;	 Yagasaki	 &	
Shirato,	2014)	or,	alternatively,	concern	measurement	systems	that	
are	 in	 their	 first	 (Mäkipää,	 Liski,	 Guendehou,	Malimbwi,	 &	 Kaaya,	
2002;	 Nijbroek	 et	 al.,	 2018)	 or	 second	 round	 (Orgiazzi,	 Ballabio,	
Panagos,	Jones,	&	Fernández‐Ugalde,	2018;	Spencer	et	al.,	2011).
Much	 early	 work	 has	 been	 done	 in	 Australia	 (McKenzie,	
Henderson,	 &	 Mcdonald,	 2002),	 and	 in	 2014,	 the	 Australian	
Government	 approved	 the	 first	 methodology	 for	 soil	 carbon	 se‐
questration	 for	 use	 at	 farm	 level	 (de	Gruijter	 et	 al.,	 2016);	 recom‐
mended	 procedures	 of	 stratification	 and	 sampling,	 however,	 may	
vary	between	countries	(e.g.	Australia	and	New	Zealand,	see	Malone	












nosequence	 studies	or	paired	 land‐use	 comparisons,	 and	monitor‐
ing	 networks)	 to	 determine	 relationships	 between	 environmental	
and	management	 factors,	 and	 SOC	 dynamics	 and	GHG	 emissions	
(Batjes	 &	 van	 Wesemael,	 2015;	 McKenzie	 et	 al.,	 2002;	 Morvan	 
et	al.,	2008;	Spencer	et	al.,	2011)	or	changes	 in	soil	quality/health	




1998).	 Examples	 of	 chronosequence	 studies	 include	 those	 carried	
out	in	Brazil	(Cerri	et	al.,	2007;	de	Moraes	Sá	et	al.,	2009),	Ethiopia	
(Lemenih,	Karltun,	&	Olsson,	2005)	and	China	(He,	Wu,	Wang,	&	Han,	
2009),	while	 paired	 land‐use	 comparisons	 have	 been	 reviewed	 by	
various	researchers	(Bai	et	al.,	2018;	Murphy,	Rawson,	Ravenscroft,	
Rankin,	&	Millard,	2003;	Oliver	et	al.,	2004).
Following	 up	 from	 the	 review	of	 European	 soil	monitoring	 net‐
works	 (Morvan	 et	 al.,	 2008),	 the	 Joint	 Research	 Centre	 of	 the	
European	 Commission	 launched	 an	 initiative	 to	 sample	 the	 topsoil	
at	22,000	points	of	 the	Land	Use/Cover	Area	Survey	 (LUCAS	proj‐



















units	 (van	Wesemael	 et	 al.,	 2011).	 The	 (expected)	 variability	within	
these	units	 should	be	determined	 to	 assess	 the	optimal	 number	of	
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samples	for	each	stratum	(Brus	&	de	Gruijter,	1997;	De	Gruijter,	Brus,	
Bierkens,	&	Knottters,	 2006;	 Louis	 et	 al.,	 2014).	 Such	 an	 approach	
will	allow	a	(geo)statistical	analysis	of	SOC	stock	changes	for	the	soil/
land	use/climate	units	under	consideration	as	an	alternative	or	test	for	


















exotic	 forest,	 cropland,	 horticulture	 and	 wetlands).	 The	 approach	
was	also	 refined	 to	account	 for	 spatial	 autocorrelation	 to	 improve	









While	 changes	 in	 national	 or	 large	 regional	 scale	 carbon	 stock	
measurements	 can	 be	 addressed	 using	 geostatistical	 sampling	 ap‐









7.2 | Methods used by GRA countries for estimating 
SOC changes for the ‘cropland remaining cropland’ 
category in national inventories





time	 and	 comparable	 across	 countries.	 Because	 different	 countries	





Figure	 2	 shows	 the	 categories	 of	methods	 used	 by	GRA	 coun‐
tries	for	estimating	the	changes	in	mineral	soil	carbon	stock	for	the	










and	 management	 and	 feedbacks	 between	 management	 activities,	
climate	 and	 soils.	 However,	 only	 a	 few	 countries	 have	 taken	 into	
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TA B L E  3  Methodology	used	to	estimate	changes	in	soil	C	stocks	for	cropland	remaining	cropland,	including	agricultural	land	use	and	
management	activities	on	mineral	soils














































































developed	statistical	 systems	and	capacity	 to	use	higher	 tier	meth‐






With	 increased	 obligations	 for	 reporting	 on	 GHG	 emissions	
and	 Nationally	 Determined	 Contributions	 (NDCs)	 under	 the	
Paris	agreement,	 it	 is	 important	 that	all	 countries	are	able	 to	es‐
timate	 their	GHG	emissions	 to	maximize	 transparency,	 accuracy,	
completeness	 and	 consistency.	 Improving	 inventories	 requires	
enhanced	national	capability	to	gather	relevant	activity	data	to	de‐
velop	country‐specific	emission	factors.	There	is	a	need	to	improve	
the	 evidence	 base	 and	 to	 better	 connect	 governments	 and	 rele‐
vant	expertise	to	subsequently	improve	the	quality	of	agricultural	
NDCs	 and	 the	way	 their	 achievements	 are	 reflected	 by	 national	
GHG	inventories.
8  | PROPOSED GLOBAL SOIL MRV 
PL ATFORM
The	 sections	 above	 describe	 the	 methods	 available	 to	 measure	
and	 monitor	 carbon;	 models	 that	 can	 be	 used	 to	 simulate	 and	
project	changes	in	SOC,	different	types	of	experimental	platform	
and	the	data	needed	to	test	models	and	allow	them	to	be	run	from	
plot	 to	 global	 scale;	 and	methods/platforms	 that	 could	 be	 used	







et	 al.,	 2004).	 The	 benchmark	 sites	would	 preferably	 be	 located	
on	representative	land	cover/land‐use	types,	soil	types	and	with	
representative	management.	 At	 these	 sites,	 proposed	 practices	






ods	 for	 measuring	 SOC	 change	 against	 traditional	 direct	 SOC	
measurement	 (England	 &	 Viscarra	 Rossel,	 2018).	 Careful	 align‐
ment	of	site	selection	and	experimental	design	with	other	goals	





sites	 covering	 all	 possible	 combinations	 of	 land	 use,	 climate,	 soil	
type	 and	 management	 practice,	 models	 of	 SOC	 change	 are	 re‐
quired	to	interpolate	and	infer	change	across	all	combinations,	and	
to	 project	 changes	 into	 the	 future,	 across	 landscapes	 and	 under	
































TA B L E  3   (Continued)
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TA B L E  4  Models	used	to	estimate	carbon	dioxide	emissions	and	removals	from	the	cropland	remaining	cropland	soils	component	(Tier	3	
method)	in	GRA	countries
















































































landscape	 (or	 the	entire	 land	area	of	a	country)	using	spatial	data‐
bases	 of	 soil	 characteristics,	 and	 land	 cover,	management	 and	 cli‐
mate	data	 (Figure	3,	 item	4),	 to	directly	 simulate	SOC	change	and	
GHG	emissions,	thereby	delivering	a	Tier	3	methodology	to	report	
emissions	(Smith	et	al.,	2012).	Data	on	changes	in	soil	management	






























over	 time.	 If	 resampled	 every	 few	 years,	 the	 soil	 monitoring	 net‐
work	(on	a	grid	as	shown	in	Figure	3	item	7,	e.g.	Bellamy	et	al.,	2005,	
or	 using	 a	 stratified	 sampling	 protocol;	Montanarella	 et	 al.,	 2011)	
could	 provide	 independent	 estimates	 of	 large‐scale	 SOC	 change.	
Some	 basic	 methodological	 requirements	 and	 recommendations	
can	 be	 formulated	 for	 ‘good	 SOC‐monitoring	 and	 MRV	 practice’	
to	support	scientific	and	policy	decisions	(Batjes	&	van	Wesemael,	
2015;	 Desaules,	 Ammann,	 &	 Schwab,	 2010;	Morvan	 et	 al.,	 2008;	
Spencer	et	al.,	2011).	These	 include:	 (a)	 the	provision	of	 long‐term	






monitoring	 process;	 (d)	 measurement/observation	 and	 documen‐
tation	of	all	potential	drivers	of	SOC	and	GHG	change;	and	(e)	soil	








datav	erse.org/	 or	 an	 online	 collaborative	 platform	 as	 used	 in	 the	
CIRCASA	project:	 https	://www.circa	sa‐proje	ct.eu/),	would	 also	be	
of	great	benefit	for	progressing	a	global	MRV	system.




access	 to	 monitoring	 technologies.	 For	 developing	 countries,	 this	
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Union's	 Horizon	 2020	 Research	 and	 Innovation	 Programme	 under	
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projects:	DEVIL	(NE/M021327/1),	Assess‐BECCS	(funded	by	UKERC)	
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Greenhouse	 Gas	 Research	 Centre	 and	 Global	 Research	 Alliance.	
This	paper	contributes	to	the	work	of	the	Soil	Carbon	Sequestration	
network	 of	 the	 Integrative	 Research	 Group	 of	 the	 Global	 Research	
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